Introduction
Traditional surface plasmon resonance (SPR) sensors measure an intensity of reflected light from a bulk prism with a thin metal film. [1] [2] [3] The resonance angle at which the coupling of the incident light and the surface plasmon waves occurs is measured at the minimum reflection intensity. The attenuation properties of the SPR phenomenon depend on the dielectric constant (εr + εii) of the deposited metal, where εr and εi are the real and imaginary parts. The εr + εii account for the reflection and absorption of light in the metal, respectively. [4] [5] [6] [7] Narrow resonance is obtained in the SPR reflection spectra due to a small damping if | εr | >> 1 and | εr | >> | εi |. 4, 6, 7 Gold (Au) and silver (Ag) are the most widely used metals for SPR experiments. The sharpest peak is produced by Ag whose dielectric constant (-18.22 + 0.48i at 632.8 nm) has the highest | εr/εi | ratio (38.0). 6, 7 Gold (Au) with a dielectric constant of -10.92 + 1.49i at 632.8 nm (| εr/εi | = 7.33) 7 produces a broader peak than Ag, however, Au also gives good SPR spectra due to the inertness of Au. The SPR sensors allow quick determination of the refractive index (RI) of a sample with high accuracy. However, the usual SPR sensor systems utilize bulk optical configurations that are relatively large and expensive and also limited by the use of a coupling prism.
An optical fiber sensor system based on SPR allows the development of remote sensing, continuous analysis, and in situ monitoring with an inexpensive and disposable sensor device. [1] [2] [3] Sensor systems which scan the wavelength [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or change the angle of incident light [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] have been proposed. Though another type of sensor system based on SPR does not need a change in the incident angle, it needs many optical parts for its construction. [29] [30] [31] [32] [33] [34] [35] [36] [37] Theoretical analyses and modeling for the responses of the metal-deposited optical fiber sensors have been carried out. [38] [39] [40] [41] [42] We previously developed a small and simple Au-deposited optical fiber sensor, where the core of the optical fiber is entirely covered with a Au film, and the transmitted light intensity through the sensor is measured without scanning the wavelength or changing the angle of incident light. [43] [44] [45] [46] [47] [48] The sensor properties were evaluated by use of various samples. [43] [44] [45] [46] [47] [48] We then simplified the structure of the sensor element of the Au-deposited optical fiber sensor; the Au film was deposited on half of the core of the optical fiber. 49 This simplified sensor element exhibits better properties than those of previous elements. 49 Furthermore, we also fabricated metal-deposited optical fiber sensors with Cu and Al and reported the response curves and sensor properties for the first time. 50 Numerical calculations of the response curves for the sensors were also performed with SPR theoretical equations and the calculated curves were compared with the experimental results. 49, 50 These sensors promise the development of a new analytical technique for use in applications.
In the present paper, we report the responses and properties of the Ag-deposited optical fiber sensors with various Ag film thicknesses. The reflection properties of thin Ag films due to the SPR phenomenon were also observed with a commercial SPR sensor system. The surface morphology of the Ag films was observed by atomic force microscopy (AFM).
51-54 X-ray photoelectron spectroscopy (XPS) 55, 56 of the surfaces of the Ag
The response curves and sensor properties of silver-deposited optical fibers with Ag film thicknesses of 20.0 -80.0 nm based on surface plasmon resonance (SPR) were investigated. The response of the Ag-deposited optical fiber sensor depends on the thickness of the Ag film. The Ag-deposited optical fiber sensors show higher responses than those deposited with Au. The reflection properties of Ag films with thicknesses of 30.5 -70.2 nm due to the SPR phenomenon were also measured and considered. The surfaces of these Ag films consist of various spherical grains with diameters of 30 -90 nm and the surface height distribution is almost random, having a value of more than 8 nm. X-ray photoelectron spectroscopy (XPS) showed the presence of very thin (0.3 nm) native oxide layers on the Ag films. The Ag-deposited optical fiber sensor exhibited no change in the sensor properties following prolonged use for 4 months. The response curves of the Ag-deposited optical fiber sensors by use of SPR theoretical equations were calculated and compared with those obtained by experimentation. films deposited on glass substrates revealed the presence of very thin oxide layers on these Ag surfaces. The numerical calculations of the response curves for these sensors were performed and the theoretical curves were compared with the corresponding experimental results. The present work is a thorough study of the Ag-deposited SPR optical fiber sensors along with the surface characterization of the Ag films by AFM and XPS. We demonstrate the usefulness of the Ag-deposited optical fiber as a sensor for a refractometer.
Experimental

Construction of the sensors
The preparation of the sensor elements of the metal-deposited optical fiber sensors and the sensor system were reported in the previous paper. [46] [47] [48] [49] [50] A part (10 cm long) of the clad and the jacket of a step-index multi-mode optical fiber (Showa Electric Wire & Cable, NJ-PF200/300) was removed by immersing the optical fiber in concentrated sulfuric acid. The Ag film was deposited on half of the core (200 μm in diameter) of the optical fiber by evaporation of Ag (Mitsuwa Chemicals, >99.99%) at a rate of 1.0 nm/s in a high vacuum (<6 ×10 -4 Pa) at room temperature. The deposited Ag film on the core has a thickness distribution in which the maximum value (20.0 -80.0 nm) represents the thickness. 49, 50 The uncertainty of the Ag thickness was less than 0.2 nm.
The sensor element and Teflon tubes for a sample inlet and an outlet were fixed in a glass tube (12 cm long and 0.3 cm in diameter) with resin to form a sensor cell. Methanol solutions of benzyl alcohol or ethylene glycol maintained at 25 C were then allowed to flow through the sensor cell.
Sensor system and apparatus
An edge of the optical fiber of the sensor was illuminated with a He-Ne laser (Melles Griot, V05LHR151, 632.8 nm). The light transmitted through the sensor was measured with an optical multimeter (ILX Lightwave, OMM-6810B) equipped with a Si detector (ILX Lightwave, VOMM-6722B). The light intensity was converted to digital data with a digital multimeter (Yokogawa, 755501-1) used as an A/D converter and then monitored with a computer (NEC, PC-9821 Xs).
The refractivities of the samples were measured with an Abbe refractometer (Atago, DR-A1) and the uncertainties were less than 0.002 RI units.
Measurements of SPR spectra
The SPR spectra of the Ag films with thicknesses of 30.5 -70.2 nm were measured at room temperature (25 -26 C) with an SPR sensor system (DKK SPR-20). The metal films were prepared on cover glass (Iwaki Clinical Test Ware 2918, 18 × 18 mm 2 ) by vacuum evaporation at room temperature. The reflection properties for air, methanol, and a methanol solution of benzyl alcohol were obtained with wedge-shaped light (660 nm) with a 10 of the central angle and a data collection interval of about 0.04 . 50 
Morphology observation with AFM
The AFM images (256 pixels wide) of the Ag films deposited on cover glass were taken with a Digital Instruments NanoScope III operating in contact mode by use of Si3N4 cantilevers of 200 μm long and having a force constant of 0.06 N m -1 . The images were automatically plane-fitted to account for sample tilt, and flattened by use of the standard NanoScope III software.
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Surface characterization with XPS
The XPS spectra of the Ag films deposited on glass substrates were measured with a Shimadzu ESCA-1000 using Mg Kα radiation (1253.6 eV). The photoelectrons emitted normal to the surface (3 × 10 mm 2 ) were analyzed with a data collection interval of 0.1 eV and with an analyzer pass energy set at 15.75 eV. The resolution was estimated to be 1.1 eV from the peak width of the Ag 3d5/2 line at 368.3 eV. 55 The binding energy was calibrated with respect to the C 1s line of the surface at 285.0 eV.
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Results and Discussion
Reflection properties of Ag films
The reflection properties of Ag films with thicknesses of 30.5 -70.2 nm deposited on cover glass were measured by SPR for air, methanol, and a 20 volume% methanol solution of benzyl alcohol with refractivities of 1.000, 1.327, and 1.373 RI units, respectively. Figure 1 shows the SPR spectra of these Ag films for methanol (1.327 RI units). The SPR angles and the full widths at half maximum (FWHM) of the peaks in these spectra for the refractivities of 1.000, 1.327, and 1.373 RI units are shown in Table 1 . These values are averages of those obtained from three to eight spectra measured for Ag films of different thicknesses. Uncertainties in the degree values (< 0.2 ) are mainly due to standard deviations.
The peak intensity in the SPR spectrum of the thinnest (30.5 nm) Ag film was weak. The peak intensity was observed to increase as the film thickness increases and it is almost constant in the spectra of the Ag films with thicknesses of 35.4 -51.1 nm. On the other hand, the peak intensity was observed to weaken in the spectra of the films with thicknesses of more than 51.1 nm. Though the peak intensity depends on the film thickness, the peak position is almost constant within the uncertainty (66.8 ± 0.2 ). This intensity dependence on the Ag film thickness was observed for the other refractivities of 1.000 and 1.373 RI units.
The peaks in the spectra of the Ag films are sharper than those in the spectra of the Au films due to the larger value of the | εr/εi | ratio (38.0). 6, 7, 50 Since these evaporated Ag films have very thin (0.3 nm) native oxide layers on their surfaces, the oxide may contribute to the peaks as discussed below. The peak width becomes broader for the higher refractivities. Though the peak width depends on the refractivity of a sample, the half (0.5 ) of the FWHM at the refractivities of 1.327 and 1.373 was used for the numerical calculations of the response curves of the Ag-deposited optical fiber sensors for simplicity as discussed below.
Surface characterization of Ag films
The surface morphology of the deposited Ag films was observed and characterized by both roughness analysis and bearing analysis of the AFM results. The roughness analysis gives the surface roughness (root-mean-square: Rms) over the sample surface, where Rms corresponds to the standard deviation of the surface height (zij). The bearing analysis provides a method of plotting and analyzing the histogram of zij taken over the sample surface. Since the bearing analysis is very sensitive to the curvature of the image plane, a third-order polynomial plane fit was used to account for the sample tilt and the slight curvature. The peak in the histogram represents the distribution of zij and its width (full width at half-maximum: W) is a good measure of the surface roughness. If zij distributes randomly around the surface height at 0 nm, the peak has a Gaussian shape with the standard deviation Rms. Thus, W is represented by 2.36Rms and most (>95%) areas of the peak are in the 2W region between ±W.
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Typical AFM images and bearing histograms of the Ag films with thicknesses of 29.9, 45.5, and 70.5 nm are shown in Fig. 2 zij) are distributed almost randomly in these Ag films. The Ag films have the typical surface features in the first zone of structure zone models and the surface morphology is caused by the self-shadowing effect during the deposition at room temperature. [51] [52] [53] [54] Silver films deposited on glass were characterized by XPS in order to obtain information on the surface state and the oxide layer. The peaks of O 1s were observed in the XPS spectra of the Ag films. However, the peak intensity of O 1s on the Ag films decreased after electron impact (200 eV) on the surfaces at high vacuum, suggesting the presence of adsorbed species having oxygen atoms. 
where, E is the KE (eV) of the electrons above 150 eV. 56 The thickness of the oxide layer on the Ag films was estimated to be 0.3 nm, as determined from the disappearance of the O 1s peak by the Ar + sputtering.
Sensor properties of Ag films
The responses of a Ag-deposited optical fiber sensor with a film thickness of 45.2 nm to methanol solutions of benzyl alcohol with various concentrations are shown in Fig. 4 . The concentration of the solution is a volume% (%, v/v). The refractivities and changes of the sample solutions are also shown in the figure. The Abbe refractometer showed small changes in the refractivities of the concentrations of 0.03 and 0.40%. However, since the refractivities of the solutions were proportional to the concentrations in the range from 0 to 10% with a correlation coefficient of 0.997, the values of the refractivities of 0.03 and 0.40% were calculated from those of the refractivities of 10.0 and 4.00%, respectively.
When sample solutions of more than or equal to 0.03% were introduced into the sensor cell, the transmitted light intensity through the core of the Ag-deposited optical fiber decreased after 0.25 min from the sample introduction and became a constant value within 0.5 min. The delay of 0.25 min is caused by the sample flow through the inlet of the sensor cell. The response time (0.5 min) is the time required for a complete exchange of a sample solution in the sensor cell. The detection limit of 0.03% and the change of 8.1 × 10 -5 RI units with a signal to noise ratio (S/N) of 6.1 were obtained by computer analysis. The signal was defined as a difference between the average of transmitted light intensities for 0.5 min of methanol before the sample introduction and that of transmitted light intensities for 0.5 min after the light intensity became constant. The noise was twice that of the standard deviation of the transmitted light intensities for 0.5 min of the sample solution after the response. Our Au-deposited optical fiber sensor system had a detection limit of 0.02% and a change of 5.6 × 10 -5 RI units for benzyl alcohol. 49 Though the detection limit of the Ag-deposited optical fiber sensor is lower than that of our Au-deposited optical fiber sensor due to the lower sensitivity of the Ag films in the refractivity range of 1.327 -1.355 RI units as discussed below, the value (8.1 × 10 -5 RI) is almost equal to that of the Abbe refractometer used. Figure 5 shows the response curves of Ag-deposited optical fiber sensors with thicknesses of 20.0 -80.0 nm for the refractivity range from 1.327 to 1.430 RI units. The response curve of the glass core without a Ag film (0 nm) is also shown for comparison. The transmitted light intensities for the solutions were measured and normalized by those for the solvent at 1.327 RI units. The refractivities at the minima in the response curves of these sensors are shown in Table 3 . The values of the refractivities at the minima are averages of those from four to five response curves for different measurements of the sensors and the uncertainties are standard deviations (<0.003 RI units). The response of the sensor depends on the thickness of the Ag film; the minimum in the response curve shifts to a lower refractivity as the thickness increases. These Ag films have very thin native oxide layers with a thickness of 0.3 nm. The oxide layers seem to be stable, because these sensors with a Ag film exhibited no change in the responses and properties when exposed to methanol solutions for periods of over 4 months.
The sensor properties are summarized in Table 4 . The response is the minimum intensity in the response curve and is largest for the sensors with thicknesses of 20.0 and 30.3 nm. The slope (sensitivity) and range are the values for the calibration curve for a methanol solution of ethylene glycol up to the The sensors with Ag (| εr/εi | = 38.0) 6, 7, 50 show higher responses than those with Au (| εr/εi | = 7.33). 7, 50 Though these sensors with Ag films have similar response ranges from 1.327 to 1.351 -1.361 RI units, they have lower sensitivities than those (-16.1 ± 0.4) with Au films. 50 The sensitivities of these sensors become higher at larger refractivities (>1.360 RI units) near the minima of their responses. These results show that desirable properties of the Ag-deposited optical fiber sensor can be obtained by the selection of the film thickness.
Theoretical analysis of the response curves
The principal and models for the response of metal-deposited optical fiber sensors by SPR are based on the Kretschmann configuration. [38] [39] [40] [41] [42] Xu et al. 38, 40 assumed that the models of SPR for bulk optics are satisfied by meridional rays in optical fibers. They calculated the optical power transmittance of a Au-deposited multi-mode optical fiber sensor as a function of wavelength. We have also considered the meridional rays and assumed single reflection without a range of incident angles in the metal-deposited multi-mode optical fibers with Au, Ag, Cu, and Al for simplicity. 47, 49, 50 We calculated the response curves of the sensors with these metal films having a thickness distribution without surface oxide layers. 47, 49, 50 The theoretical response curves of the Ag-deposited optical fiber sensors were calculated from the following Eqs. (2) - (5), and the results are shown in Fig. 6 .
The propagation constant of the evanescence wave (kev) is expressed as: The theoretical response curves were calculated for the sensors having no surface oxide layers. Uncertainties for the experimental and theoretical values are less than 0.003 and 0.001 RI units, respectively. where k0 is the dispersion relation of SPR of a metal-vacuum interface in a one-sharp boundary model, kr the perturbation to k0 due to the finite physical volume of the metal, εs the dielectric constant of a sample approximated by εs = ns 2 (ns is the refractivity of a sample), εm (-18.22 ) the real part of the dielectric constants of Ag at 632.8 nm, 6, 7 and dm the film thicknesses of Ag.
When Eqs. (2) - (4) satisfy Eq. (5), the SPR phenomenon occurs and a part of incident light is absorbed:
The intensity distribution for an incident angle of the collimated laser light was calculated as the following equation: 
The reflectivity at the interface between the core and the sample was assumed to be unity below 1.462 RI units where the total reflection occurs. The calculation was carried out for the refractivities from 1.327 to 1.462 RI units with the assumption that the reflectivity in the angle range (θ ± Δθ ) of SPR becomes zero. The half (0.5 ) of the FWHM in the SPR spectrum of the Ag films for the refractivities of 1.327 and 1.373 RI units was used for the value of Δθ. The deposited Ag film layer on the half of the core has the geometric thickness distribution as shown in our previous paper, 49 and thicknesses in the range from 10 nm to the maximum value were used for the calculation, because thicknesses below 10 nm did not satisfy the SPR conditions for the calculation. All the films with these thicknesses were also assumed to have an equal efficiency for SPR. 49, 50 The theoretical response curves were finally normalized by the intensities at 1.327 RI units for the solvent. Figure 6 shows the theoretical curves of the sensors with Ag film thicknesses of 20.0 -80.0 nm and having no native oxide layers.
The general agreement between the theoretical calculations and the experimental results were obtained for the sensors with thicknesses of 30.3 -80.0 nm. However, the theoretical curve of the sensor with a thickness of 20.0 nm has no minimum in the response range and is completely different from the experimental curve. The theoretical curves of the sensors with thicknesses of 30.3 -80.0 nm are sharper and shallower than the experimental curves. This is due to the simple assumption that the reflectivity in the angle range (θ ± Δθ) of SPR becomes zero if a single reflection is employed without a range of angles, which is in spite of an angle distribution in the SPR spectrum in a multi-reflection and the range of incident angles in the multi-mode optical fiber. 47, 49, 50 The intensity distribution of the laser used in the theoretical calculations may be narrower than the actual distribution. 47, 49, 50 The theoretical response curves have slight asymmetrical shapes caused by the responses of the thinner parts of the films at higher refractivities. 49 The response of the theoretical curve becomes higher as the film thickness increases in contrast to the experimental curve. This is probably due to the neglect of the imaginary part of the dielectric constant of the Ag films. Differences of the dielectric constant between very thin films and thicker films used in the present theoretical calculations may be present. These theoretical curves show that our theoretical analysis is applicable to the responses of the sensors with film thicknesses of 30.3 -80.0 nm.
The refractivities at the minima in the theoretical response curves are shown in Table 3 . The uncertainties were estimated to be less than 0.001 RI units and they were mainly caused by that (±0.1 ) of Δθ (0.5 ) used. The theoretical curves of the sensors with a thickness of 30.3 and 40.4 nm have minima at higher refractivities (>0.01 RI units) than the corresponding experimental curves. The difference in the refractivities at the minima of the theoretical and experimental curves becomes smaller (about 0.005 RI units) as the film thickness increases. It is considered that this small difference between the theoretical calculations and the experimental results is mainly caused by the neglect of the very thin (0.3 nm) native oxide layer on the Ag films due to a lack of information on the chemical state and an appropriate value of the dielectric constant of the surface oxide. The response curves of the sensors were calculated again with the consideration of oxide layers with various thicknesses and dielectric constants. 38, 40 The refractivities at the minima in the calculated response curves of these sensors with oxide layers shift to lower refractivities. The theoretical analysis shows that the surface characterization of the deposited Ag films and our model for the response of the Ag-deposited optical fiber are appropriate to evaluate the sensor properties.
Conclusions
A thorough study of Ag-deposited SPR optical fiber sensors has been performed. The response of the Ag-deposited SPR optical fiber sensor depends on the thickness of the Ag film. We conclude that the properties of the Ag-deposited optical fiber sensor can be controlled by the Ag film thickness. Though the SPR optical fiber sensor with Ag shows a lower sensitivity than the Au-deposited SPR optical fiber sensor in a lower refractivity range (1.327 -1.361 RI units), the Ag-deposited SPR optical fiber sensor has a similar response range. The detection limit is almost equal to that of an Abbe refractometer. The Ag-deposited SPR optical fiber sensor also has stable sensor properties for periods of over 4 months. The surface characterization of the Ag films by XPS showed the presence of the very thin (0.3 nm) native oxide layers. The response curves of the sensors agreed reasonably with those calculated from SPR theoretical equations with the consideration of the thickness distribution in the deposited Ag films having no oxide layers on the surfaces.
